Background and Purpose-Although studies have attempted to differentiate intracranial vascular disease using vessel wall magnetic resonance imaging (VWI), none have incorporated multicontrast imaging. This study uses T1-and T2-weighted VWI to differentiate intracranial vasculopathies. Methods-We retrospectively reviewed patients with clinically defined intracranial vasculopathies causing luminal stenosis/ irregularity who underwent VWI studies. Two blinded experts evaluated T1 precontrast and postcontrast and T2-weighted VWI characteristics, including the pattern of wall thickening; presence, pattern, and intensity of postcontrast enhancement; and T2 signal characteristics.
I ntracranial magnetic resonance vessel wall magnetic resonance imaging (VWI) is an emerging technique that shows significant promise in the evaluation of intracranial vasculopathies. Luminal imaging techniques traditionally used for the assessment of vasculopathy do not adequately assess vessel wall pathology and can be of limited value in differentiating between causes of intracranial vasculopathies. Commonly used diagnostic tests for evaluating intracranial vasculopathy include catheter angiography, lumbar puncture, and brain biopsy, but these tests are invasive and lack sensitivity and specificity. 1, 2 Patterns and intensity of postgadolinium enhancement of vascular lesions using T1 postcontrast VWI have been used to differentiate between vasculopathies and intracranial atherosclerotic disease (ICAD). 3, 4 ICAD generally reveals eccentric thickening with variable enhancement, whereas vasculitis shows smooth, intense, and homogeneous enhancement; and reversible cerebral vasoconstriction syndrome (RCVS) has minimal to no enhancement and minimal wall thickening. [3] [4] [5] [6] [7] [8] Overlap does exist, however, as ICAD can be circumferential whereas vasculitic lesions can show eccentric enhancement. 7 In addition, many atherosclerotic plaques will only partially enhance and ≈18% will not enhance at all, limiting detection and evaluation of the outer boundary on T1 postcontrast imaging. 9 Use of multicontrast VWI protocols can further help in the differentiation of such cases.
There have only been a few reports describing the intracranial vessel wall signal characteristics of contrast-weighting techniques besides T1 and postcontrast VWI, specifically proton density and T2-weighted sequences. [10] [11] [12] [13] [14] In the setting of ICAD lesions, a juxtaluminal band of T2 hyperintensity
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June 2015 on VWI has been described and shown to correspond to the fibrous cap on histology. 15 In contrast, the T2 hypointense outer component of the plaque corresponds to areas rich in foamy macrophages and proteoglycans, and lipid rich necrotic core on T2-weighted VWI. 16 To our knowledge, no reports have used T2-weighted high-resolution VWI and multicontrast protocols as a technique to discriminate between vasculopathies. In this study, we evaluated the imaging findings of different vasculopathies on T2 and T1 pre and postcontrast imaging to identify unique features and test their ability to correctly identify disease and develop an algorithm to differentiate intracranial vasculopathies. We also investigate the additional benefit of using multicontrast VWI over pre and postcontrast T1 alone to differentiate disease.
Methods

Patient Population and Clinical Diagnosis
After institutional review board approval, we reviewed consecutive patients from January 2011 to April 2014 with suspicion of intracranial vasculopathy who had VWI and, on luminal imaging, had appreciable intracranial arterial stenosis or irregularity. There were a total of 68 patients, who had 77 high-resolution VWI studies performed. Patients were further stratified into diagnostic vasculopathy categories by stroke neurologists who had access to clinical data, but were blinded to the VWI at our institution. The clinical diagnosis of atherosclerosis required ≥2 vascular risk factors (hypertension, hyperlipidemia, diabetes mellitus, obesity, coronary artery disease, men age>50, and women age>60) 17 and failure to meet clinical criteria for central nervous system (CNS) vasculitis or RCVS. For the diagnosis of CNS vasculitis, patients were required to have clinical suspicion for CNS vasculitis and tissue or serological support for the diagnosis, including either a positive brain biopsy during the hospital admission, cerebrospinal fluid infection/inflammation, or evidence of systemic vasculitis. Exclusion criteria for CNS vasculitis included >1 vascular risk factor, evidence of a reversible process on follow-up luminal imaging, or previous vasculitis treatment. The diagnosis of RCVS required a classic presentation of thunderclap headache after a typical inciting event and progressive improvement of intracranial stenoses on follow-up luminal imaging. Exclusion criteria for RCVS were ≥2 vascular risk factors, clinical evidence of CNS vasculitis, or previous immunosuppressive therapy. The diagnosis was also cross-checked with the clinical evaluation at the time of inpatient care, and there was no diagnostic discrepancy in the included cases.
MRI Protocol
Patients were scanned on a 3T Siemens Trio MR scanner (Siemens Healthcare, Ehrlangen, Germany 
Imaging Interpretation
Two readers (M.M.B. with 4 years of experience with intracranial VWI interpretation and W.D.H. with 2 years of experience) who were blinded to the patient clinical information and diagnosis reviewed the images independently. The second reader (W.D.H.) was used to establish inter-reader agreement for the imaging interpretation. The VWI criteria evaluated in this study have previously been described in the literature as differentiating vasculopathy characteristics. 3, 4, 6, 7, 9, 15, 18 After a training session, evaluating a subset of VWI cases that were excluded and review of a packet of pertinent VWI articles, the 2 readers independently assessed the lesions on T2-weighted sequences for the presence or absence of juxtaluminal T2 hyperintense band and wall signal characteristics. T2-weighted lesion signal characteristics were assessed relative to gray matter. Comparing T1 precontrast and postcontrast imaging, the lesions were assessed for the presence and intensity of enhancement based on a previously established scale, 9 in which grade 0 or no enhancement indicates expected normal vessel wall enhancement, grade 1 enhancement represents enhancement less than that of the pituitary infundibulum, and grade 2 enhancement represents that equal to or greater than the enhancement intensity of the pituitary infundibulum. In addition, the pattern of enhancement was assessed as focal, heterogeneous, or diffuse enhancement. Diffuse enhancement was defined as complete enhancement of the lesion, heterogeneous as incomplete lesion enhancement, and focal enhancement was defined as a point or short linear region of lesional enhancement. The pattern of vessel wall involvement was categorized as eccentric or circumferential using both T1 precontrast and postcontrast VWI. Standard protocol time of flight magnetic resonance angiography was referenced when assessing VWI lesions. The artery of involvement for each lesion was also documented.
Statistics
Categorical variables were summarized as count (percentage) in each of the vasculopathy groups. Permutation tests were used to compare the groups. The group labels were permutated across patients instead of lesions to account for the potential dependence between lesions from the same patient. 19 Sensitivity and specificity were used to evaluate how well combinations of imaging findings could discriminate between vasculopathies. Cohen κ was used to evaluate inter-reader agreement for the imaging findings. Beyond inter-reader agreement, the interpretation of the more experienced reader (M.M.B.) was used for imaging data analysis. Confidence intervals were calculated using the nonparametric bootstrap with the bias-corrected and accelerated method. 19 Patients were resampled to preserve dependence between lesions from the same patient, and the resampling was stratified by vasculopathy group. Because the bootstrap could not be used to calculate confidence intervals when sensitivity or specificity was 100%, Clopper and Pearson intervals were instead in those cases. 20 All statistical calculations were conducted with the statistical computing language R (version 3.1.1; R Foundation for Statistical Computing, Vienna, Austria). Throughout, 2-tailed tests were used with statistical significance defined as P<0.05.
Results
Clinical Diagnoses and Characteristics
Of the 68 cases reviewed, a total of 21 ICAD, 4 RCVS, and 4 vasculitis cases were selected for the study based on inclusion criteria. There were a total of 118 stenotic lesions (81 lesions in ICAD, 22 lesions in RCVS, and 15 lesions in vasculitic patients) in the included cases. The 4 patients with vasculitis had the following diagnoses: primary angiitis of the CNS, varicella vasculitis, tuberculosis vasculitis, and systemic autoimmune disease not otherwise specified with CNS vasculitis. Thirty-nine cases were excluded because of alternate diagnoses (n=16), vasculopathy not otherwise specified (n=6), normal imaging and clinical examination (n=4), and limited examination because of motion degradation (n=4) or limited sequences performed because of interrogation of multiple vascular beds including intracranial and carotid arteries (n=3). Patient demographic and clinical history are summarized in Table I in the online-only Data Supplement. Patients with ICAD on average had 4.2±1.3 vascular risk factors, significantly more compared with RCVS (0.75±0.5) and vasculitis (0.5±0.577), P<0.001. There were no significant differences in arterial territory involved between the 3 vascular pathologies.
VWI Characteristics
Examples of typical VWI patterns of ICAD, vasculitis, and RCVS are shown in Figure 1 . Table 1 shows differential vasculopathy VWI findings. There was a significant difference in the T2-weighted VWI appearance of ICAD relative to RCVS and vasculitis. Seventy-nine percent of ICAD lesions showed at least a component of lesional T2 hyperintensity, significantly >0% of vasculitis lesions (P<0.001) and 0% of RCVS lesions (P<0.001). ICAD lesions predominantly showed a thin juxtaluminal band of T2 hyperintensity with underlying T2 hypointense component (n=59; 73%). None of the vasculitis or RCVS lesions showed T2 hyperintense components or heterogeneous signal. Lesion appearances on T2 VWI are summarized in Table II in the online-only Data Supplement.
The pattern of vessel wall involvement on T1-weighted VWI showed a significant difference between ICAD and vasculitis (P<0.001) and between ICAD and RCVS (P<0.001). Ninety percent of ICAD lesions showed eccentric wall thickening when compared with 7% of vasculitis and 18% of RCVS.
Enhancement patterns and characteristics showed significant differences between the various vasculopathies. On T1 . On T2 VWI (left middle) centered over the left ACA lesion, there is circumferential vessel wall thickening with homogeneous isointense signal intensity (thick arrow). On T1 precontrast image (right middle), circumferential vessel wall thickening (black arrows) can be seen. On T1 postcontrast VWI (last image), there is corresponding homogeneous, circumferential vessel wall enhancement (short arrow). B, Atherosclerosis: coronal MIP TOF MRA image (first image) shows stenosis of the distal right M1 MCA (arrow). On T2 VWI (left middle), there is a juxtaluminal T2 hyperintense band (black arrowhead), with subjacent lesional hypointensity (thick white arrow) corresponding to the MRA stenosis. On T1 precontrast VWI (right middle image), isointense lesion shows eccentric anterior vessel wall involvement (black arrow). On T1 postcontrast VWI (last image), there is heterogeneous lesional enhancement (short white arrow). C, RCVS: axial MIP TOF MRA image (first image) shows multifocal intracranial arterial stenosis, with focal stenosis of the left A1 ACA (white arrow). Axial T2 VWI (left middle image) shows corresponding minimal wall thickening with T2 isointense signal (thick black arrows) at the site of left A1 ACA lesion. On axial T1 precontrast VWI (right middle), there is minimal circumferential vessel wall thickening (thin black arrows) corresponding to the stenosis. On T1 postcontrast VWI (last image), there is no evidence of significant wall enhancement (short white arrow). The contralateral A1 ACA, a normal arterial segment on MRA shows mild perivascular enhancement (curved arrow) likely representing venous enhancement.
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There was a significant difference in the lesion enhancement pattern between ICAD and vasculitis (P=0.042), as all vasculitis lesions showed diffuse enhancement (no lesions showed heterogeneous or focal enhancement), whereas ICAD lesions showed diffuse (60%), heterogeneous (26%), or focal (15%) enhancement, respectively. The sensitivity and specificity for the most important imaging findings in differentiating the vasculopathy groupings are shown in Table 2 . The sensitivity and specificity of the presence of lesional T2 hyperintense components in differentiating ICAD from vasculitis and RCVS was 79% and 100%, respectively. The pattern of wall involvement had a sensitivity of 90.1% and specificity of 86.5% in differentiating ICAD. When T2 VWI and lesional pattern of wall involvement are both considered (if either lesion T2 hyperintensity or eccentric wall involvement was present), the sensitivity for ICAD differentiation rose to 96.3%, whereas the specificity did not change. The presence or absence of contrast enhancement had a sensitivity of 100% and specificity of 82% in differentiating vasculitis from RCVS. The VWI findings described above were used to create a diagnostic tree, shown in Figure 2.
Subgroup Analysis
As described above, 90% of ICAD lesions showed eccentric wall involvement; however, 8 of 81 showed circumferential wall thickening (Figure 3 ), a pattern which is more typical of vasculitis or RCVS. For 40 lesions in 13 patients that showed circumferential wall involvement (Table 3) , we investigated other imaging parameters that could potentially differentiate ICAD lesions from vasculitis and RCVS. For circumferential lesions (8 ICAD, 14 vasculitis, and 18 RCVS), there was a significant difference of appearance on T2 VWI between ICAD and vasculitis (P=0.02), as well as ICAD and RCVS (P=0.02), with ICAD showing lesion T2 hyperintense components, whereas vasculitis and RCVS did not have lesional T2 hyperintensity. There was also a significant difference in intensity of enhancement between ICAD versus RCVS (P<0.01) and vasculitis versus RCVS (P<0.03), as RCVS lesions showed no (grade 0) enhancement. With reliance only on the pattern 
Inter-Reader Agreement
There was substantial inter-reader agreement for the assessment of lesional T2 hyperintensity (κ=0.80), pattern of wall thickening (κ=0.87), presence (κ=0.90), and pattern of enhancement (κ=0.73) and enhancement intensity (κ=0.77).
Discussion
Multicontrast intracranial VWI for the characterization of vasculopathy has not been well studied for intracranial vascular disease. We report the first use of T2 and T1 precontrast and postcontrast VWI to differentiate between ICAD, RCVS, and vasculitis. This study shows that T2 hyperintensity assessment has the same order of agreement as the pattern of vessel wall involvement on T1 VWI in differentiating ICAD from vasculitis and RCVS, whereas the presence and intensity of lesion postcontrast enhancement help to differentiate RCVS from vasculitis and ICAD. The use of T2-weighted VWI can be additionally advantageous for patients with contraindications to gadolinium contrast agents including patients with severe contrast allergies and renal insufficiency. In this setting, T2-weighted and noncontrast T1-weighted VWI can be used to differentiate ICAD from RCVS and vasculitis. In this study, there was substantial inter-reader agreement for the imaging parameters we studied, indicating that VWI characteristics can be assessed consistently. We found that the presence of a T2 juxtaluminal hyperintense band overlying a T2 hypointense component, eccentric wall involvement, and diffuse, heterogeneous, or focal lesion enhancement are all characteristics that can reliably identify ICAD, whereas diffuse, homogeneous, circumferential lesion enhancement without lesion T2 hyperintense signal is most common with vasculitis. RCVS is characterized by mild circumferential wall thickening, with usually no wall enhancement and typically no appreciable T2 wall signal abnormality. None of the vasculitis or RCVS lesions showed lesional T2 hyperintensity or mixed hyperintense and hypointense T2 signal. Although both T2 signal characteristics and vessel wall pattern of disease involvement can differentiate ICAD from vasculitis and RCVS, for ICAD lesions that were concentric in nature, T2 VWI could help in differentiating the causes of underlying disease.
Multiple authors have previously described the appearance of ICAD on T2 VWI, specifically with the presence of intralesional T2 hyperintense juxtaluminal band, representing the fibrous cap, and a deeper T2 hypointense component, thought to represent the lipid rich necrotic core. [10] [11] [12] Majidi et al 15 compared 7T VWI 3D SPACE imaging with histopathologic slides in 10 artery segments affected with ICAD and found that the fibrous cap on histological evaluation corresponded to a juxtaluminal hyperintense component on ex vivo 3D SPACE imaging. Histological studies have indicated that ICAD has similar composition relative to extracranial carotid atherosclerotic plaques, with the presence of fibrous cap, lipid rich necrotic core, intraplaque hemorrhage, and calcifications. 21 Most of the studies assessing or describing T2 VWI characteristics of ICAD were small series or case reports that did not assess other vasculopathic diseases to determine the prevalence of lesion T2 hyperintensity nor did any of these studies assess the frequency of the presence of juxtaluminal T2 hyperintense lesion components with ICAD.
Swartz et al 4 performed a small case series evaluation of intracranial vasculopathies, which included cases of ICAD and CNS inflammatory disease. ICAD predominantly showed eccentric wall enhancement, whereas CNS inflammatory vasculopathy showed diffuse circumferential vessel wall enhancement. Mandell et al 6 assessed consecutive cases with multifocal segmental arterial stenosis on angiographic imaging with follow-up luminal imaging and found that CNS vasculitis showed vessel wall enhancement and thickening, whereas RCVS showed minimal to no enhancement. Obusez et al 7 compared 13 patients with RCVS and 13 with primary angiitis of the CNS on T1 postcontrast VWI and found that 9 vasculitic patients showed smooth circumferential vessel wall enhancement and thickening, 3 showed eccentric enhancing lesions with wall thickening, whereas 1 showed no enhancement. This was in contradistinction to RCVS, where 10 patients showed smooth circumferential wall thickening with negligible to mild wall enhancement. These studies agree with our findings of disease enhancement characteristics and pattern; however, none of these studies evaluated the contribution of T2-weighted VWI and only relied on T1 postcontrast imaging characteristics.
Li et al 12 evaluated 49 middle cerebral artery stenoses in 48 patients with suspected atherosclerosis using T2 VWI. The 20 ICAD lesions found showed focal or eccentric wall 
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June 2015 thickening, 13 of 20 lesions showed heterogeneous T2 signal, whereas 7 lesions showed homogeneous signal intensity. Although this study agrees with our findings in relation to lesion T2 signal characteristics and eccentric wall involvement in ICAD, the study does not comparatively evaluate intracranial vasculopathies. On VWI, CNS vasculitis typically shows circumferential diffuse wall enhancement and thickening. 3, 5 Pfefferkorn et al 3 Table 3 suggested that the intensity of enhancement may differentiate ICAD from vasculitis. In their study, all cases of primary angiitis of the CNS showed moderate to strong lesion enhancement, whereas ICAD showed moderate enhancement. These investigations agree with our findings characterizing postcontrast enhancement in the setting of ICAD and CNS vasculitis; however, they did not compare the various vasculopathies nor did they assess the pattern of vessel wall involvement, intensity, or pattern of enhancement or T2 VWI findings. In this study, we were not able to find a significant difference in the intensity of lesion enhancement between ICAD and vasculitis. Limitations include that this study was a retrospective evaluation, with limited imaging performed or motion degradation for some of the examinations resulting in their exclusion. In addition, the VWI studies were performed based on clinical needs, which could create a selection bias based on the stroke neurologist's ordering patterns. A few studies were excluded because of unclear clinical diagnosis as determined by the inclusion and exclusion criteria and clinical evaluation, to better define the study group with clear clinical diagnosis. We realize that ICAD may arise with 1 or no vascular risk factors which can complicate evaluation, but we decided to exclude such cases to present more clearly defined clinical cases. Our study did not include histopathologic evaluation to confirm the causes of vascular disease; however few studies differentiating intracranial vasculopathy will include histology. Intracranial vasculopathies included in this study were limited to ICAD, RCVS, and vasculitis, and the findings of this study cannot be generalized to include other intracranial vasculopathies. Our findings need to be prospectively evaluated to address validation and generalizability. The number of vasculitis and RCVS cases we included is relatively few in this study, but these conditions are rarely compared with ICAD, and few institutions will have a large population of CNS vasculitis. To address this limitation, a multi-center prospective study using a multicontrast VWI protocol for the differentiation of intracranial vasculopathies would be necessary to further evaluate and validate the current proposed algorithm for vasculopathy differentiation.
. Subgroup Analysis Lesions Without Eccentric Wall Thickening on T1 (n=13 Patients With 40 Lesions)
Summary
This study shows that T2-weighted VWI is a complementary tool in the differentiation of intracranial vasculopathy, especially in differentiating between ICAD and RCVS or vasculitis, and between RCVS and vasculitis. In addition, the combination of T2 and T1 precontrast and postcontrast VWI can increase the sensitivity and specificity for differentiating disease. In the setting of contraindications to gadolinium contrast administration, T2 and T1 noncontrast VWI may also be reliably used to differentiate ICAD, RCVS, and vasculitis.
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Online Supplemental Table I Online Supplemental Table II RCVS are shown in Figure 1 . Table 1 shows differential vasculopathy VWI findings. There was a significant difference in the T2-weighted VWI appearance of ICAD relative to RCVS ing when compared with 7% of vasculitis and 18% of RCVS. Enhancement patterns and characteristics showed significant differences between the various vasculopathies. On T1 . On T2 VWI (left middle), there is a juxtaluminal T2 hyperintense band (black arrowhead), with subjacent lesional hypointensity (thick white arrow) corresponding to the MRA stenosis. On T1 precontrast VWI (right middle image), isointense lesion shows eccentric anterior vessel wall involvement (black arrow). On T1 postcontrast VWI (last image), there is heterogeneous lesional enhancement (short white arrow). C, RCVS: axial MIP TOF MRA image (first image) shows multifocal intracranial arterial stenosis, with focal stenosis of the left A1 ACA (white arrow). Axial T2 VWI (left middle image) shows corresponding minimal wall thickening with T2 isointense signal (thick black arrows) at the site of left A1 ACA lesion. On axial T1 precontrast VWI (right middle), there is minimal circumferential vessel wall thickening (thin black arrows) corresponding to the stenosis. On T1 postcontrast VWI (last image), there is no evidence of significant wall enhancement (short white arrow). The contralateral A1 ACA, a normal arterial segment on MRA shows mild perivascular enhancement (curved arrow) likely representing venous enhancement.
Examples of typical VWI patterns of ICAD, vasculitis, and RCVS are shown in Figure 1 . Table 1 shows differential vasculopathy VWI findings. There was a significant difference in the T2-weighted VWI appearance of ICAD relative to RCVS Ninety percent of ICAD lesions showed eccentric wall thickening when compared with 7% of vasculitis and 18% of RCVS.
